Purpose To evaluate the relationship between visual acuity as measured by the Early Treatment Diabetic Retinopathy Study (ETDRS) chart and by the potential acuity meter (PAM) with retinal thickness and sensitivity measured by a combined microperimetry/optical coherence tomography system (OCT). Methods Forty-four patients with macular edema (ME) were included in a prospective observational study. Visual acuity (VA) was assessed using the ETDRS chart (with best correction) as well as by the PAM. Retinal thickness and sensitivity was measured by an automatic fundus perimetry/tomography system. Results Best-corrected VA using the ETDRS chart ranged from 20/20 to 20/400 (median: 20/50). VA measured by the PAM without correction ranged from 20/20 to 20/400 (median: 20/40). The mean retinal thickness was 369.57 mm (s.d.: 140.28 mm) on spectral domain-OCT and the mean retinal sensitivity was 8.12 decibels (dB) (s.d.: 5.78 dB). The mean LogMAR value using the ETDRS chart was 0.43, whereas it was 0.38 using the PAM (P-value: 0.009).
Introduction
Visual acuity (VA) is usually considered the most common clinical standard for determination of damage due to macular edema (ME); however, VA may be inadequate to describe the functional impairment caused by ME. [1] [2] [3] [4] The conventional measurement of bestcorrected visual acuity (BCVA) with the Early Treatment Diabetic Retinopathy Study (ETDRS) chart might be affected by anterior or posterior segment opacities and morbidities, including vitreous haze in the context of uveitis, as well as by ME secondary to uveitis, age-related macular degeneration (AMD), or diabetic retinopathy (DR).
The 'Prevue', a second-generation prototype of the Guyton-Minkowski potential acuity meter (PAM) is an instrument for measuring retinal VA behind a cataract or through otherwise clouded ocular media. 5 The narrow beam of light traversing the eye toward each image point in the Prevue is less scattered in the presence of media opacity or ME compared with the full-pupil beam of light used for the measurement of VA by the standard ETDRS chart. 6, 7 Thus, there should be a more accurate measurement of photoreceptor layer VA with the Prevue in the setting of media opacity or ME. [8] [9] [10] [11] [12] [13] [14] Microperimetry has made it possible to correlate retinal function with the precise location of disease processes in the macula, thus providing an accurate evaluation of retinal function in relation to the retinal architecture and localized alterations of the retina caused by disease. 1, 2, 15 The relationship between VA measured with the ETDRS chart and retinal architecture as well as function has been evaluated in different studies. A decrease in ETDRS-measured VA in eyes with diabetic ME (DME) and in those with uveitic ME (UME) has been reported. 16, 17 The relationship between BCVA measured with the ETDRS chart and retinal sensitivity has been also reported. In previous studies, after adjustment for other factors such as retinal thickness, there has been no association between BCVA measured with the ETDRS chart and retinal sensitivity in eyes with DME and in those with UME. [18] [19] [20] Roesel et al 21 detected a significant negative correlation between retinal sensitivity and the logarithm of the minimum angle of resolution (LogMAR) values in eyes with UME.
To the best of our knowledge, there is no report on the relationship between VA measured by the ETDRS chart or the PAM/Prevue and retinal architecture and function. In the current study, we tested the hypothesis that whether a measurement of VA by the Prevue is a more accurate indicator of retinal function than that by the ETDRS chart in eyes with ME . To test this hypothesis, we conducted a longitudinal comparison of VA measured with the two systems in eyes with MA and assessed their relationship with retinal thickness as well as retinal sensitivity measured with an automatic fundus perimetry/tomography system.
Materials and methods
Forty-four patients (90 eye measurements) were enrolled in the index study. Inclusion criteria included the ability to provide written informed consent and comply with study assessments for the full duration of the study (B1 h), age 418 years, and the presence of intermediate, posterior, or pan-uveitis or those with ME secondary to DR, AMD, vein occlusion, or uveitis. In addition, the study eyes had to achieve an ETDRS letter score, after a protocol refraction, of 18 or more letters (Z20/400 Snellen equivalent), had to have vitreous haze of r2 þ as measured by standard National Eye InstituteNussenblatt scales, 22 and had to have ME detected by optical coherence tomography (OCT) defined by central subfield retinal thickness of Z310 mm on spectral domain (SD)-OCT.
Patients with significant refractive errors such as high irregular astigmatism, which may affect the accurate measurement of VA with both the methods, patients with worse than 2 þ nuclear sclerotic cataracts, and patients with corneal disease were excluded. The diagnosis of the ME from retinal diseases was made by using contact lens biomicroscopy, and confirmed with OCT and fluorescein angiography. The study and data accumulation were carried out with approval from the Johns Hopkins Institutional Review Board. The study was conducted in accordance with HIPAA regulations.
The best refractive correction was obtained using the ETDRS protocol by an experienced refractionist, and the BCVA was then assessed using an ETDRS chart. VA with the Prevue was obtained without correction, through the dilated pupil. The PAM is an FDA-approved device for the measurement of VA in a clinic setting. The device mounts onto a standard slit-lamp biomicroscope via a single pin that slips into the central pivot column of the instrument. The Prevue is a prototype of a secondgeneration PAM, not commercially available. It is basically a multiple-pinhole PAM that stands on a table. The patient leans forward and looks down B141 from the horizontal, along the internal optical path of the device, to see the image of a standard Snellen VA chart carried by multiple light beams far enough apart from one another that only one beam will fit within the pupil at any one time. The light beams narrow to their smallest diameter of about 0.15 mm, one-fourth the diameter of an ordinary straight pin. The device has a field of view of 61. The patient reads the Snellen chart within the instrument, with line sizes from 20/400 to 20/20.
OCT imaging was performed using the Spectral OCT/ SLO (Optos, Inc., Dunfermline, UK). Retinal thickness is defined as the distance between the inner limiting membrane and the hyporeflective line above the retinal pigment epithelium, and this distance is measured automatically by the OPKO software algorithm. 23 A modified microperimetry circular test pattern was applied to the eyes enrolled in the study. The following setting similar to the POLAR 3 test pattern was used in this study: Goldman-III stimulus size, 200 ms stimulus duration, and a 1000-ms interval between stimuli. 24 Fundus localization based on retinal vessel alignment was automatically tracked by the Spectral OCT/SLO system. For each locus of the sensitivity measurement, retinal thickness values were obtained. The paired data of microperimetry threshold and corresponding retinal thickness measurements were used to evaluate the relationship between retinal thickness and VA adjusted for different retinal sensitivity values. 23 The fixation pattern was evaluated with regard to fixation stability and fixation location. Fixation stability was classified using three categories: stable, relatively unstable, or unstable. 25 If 475% of the fixation points were located within a 21 diameter circle, regardless of their position in relation to the foveal center, the fixation was classified as stable. If o75% of the fixation points were located within a 21 diameter circle, but 475% of the fixation points were located within a 41 diameter circle, fixation was classified as relatively unstable. If o75% of the fixation points were located within a 41 diameter circle, fixation was classified as unstable. Fixation location was designated to be in one of the three categories: central, pericentral, and eccentric. 25 If 50% of the fixation points were within 0.5 mm of the foveal center, fixation was classified as central (0.5 mm subtends a visual angle of about 2.31). If 25-50% of the fixation points were within 0.5 mm of the foveal center, fixation was classified as pericentral. If o25% of the fixation points were within 0.5 mm of the foveal center, fixation was classified as eccentric.
Statistical analysis
The details of statistical analysis are discussed in previous papers of this series. 18, 20 To conduct the longitudinal comparison of VA measured by the ETDRS chart and by the Prevue, we defined a new variable, the so-called VA difference. VA difference was defined as the difference between the LogMAR value for BCVA measured by the ETDRS chart minus that for the VA measured by the Prevue without correction. Exploratory data analyses included graphical displays and statistical summaries that were performed. The potential confounding variables included retinal sensitivity, underlying disease, fixation stability, fixation location, age, and gender. Age was treated as a categorical variable with levels for age o42 years, Z42 years and o55 years, Z55 years and o75 years, and Z75 years. The cut-points were selected based on exploratory data analysis.
Linear mixed models were used to estimate the VA difference as a function of retinal thickness, adjusting for the potential confounding variables. The relationship between the mean retinal thickness and VA difference was estimated separately for two separate groups of retinal thickness, those values of o590 mm, and those of Z590 mm for both the measurement methods; the cutpoint of 590 mm was selected on the basis of exploratory data analysis.
There were several potential sources of correlation within the data: measurements correlated within subjects, visits, eyes, and the circular test pattern (central and/or outer ring around the foveal center). Exploratory analyses of the potential sources of correlation were performed by fitting the mean model described above, assuming the data were independent, and examining the residuals of that model for the various sources of correlation. The linear mixed model for VA difference included random intercepts for subject and eye. 26 This method of analysis has enabled us to adjust for the dependence of the data obtained from both the eyes of the same subjects and repeated measurements of the same subjects. The statistical analyses were performed using STATA version 10.1 (Statacorp, College Station, TX, USA). Statistical significance was reported if Po0.05.
Results
Ninety eye measurements of 44 eligible patients were included in this study. Among the 44 patients, 26 patients contributed both eyes (52 eyes/52 measurements) and 18 patients contributed one eye (18 eyes/18 measurements) at the initial visit. Twelve patients had follow-up visits and repeated measurements; 4 of them had repeated measurement on one eye (4 more measurements) and 8 had repeated measurement on both eyes, which added 16 more measurements to the total number of 90 measurements.
Thirty patients (68.2%) had DME, 10 (22.7%) UME, 1 (2.70%) AMD, and 3 (6.8%) had vein occlusion at the time of microperimetry measurement. The age of the patients ranged from 22.7 to 87.2 years (median: 62.3 years) and 59.0% were women (n ¼ 26).
Fifty-three eyes had completed data on fixation stability and 49 on fixation location. Thirty-one eyes (58.5%) had stable fixation, 19 eyes (35.8%) had relatively unstable fixation, and 3 eyes (5.7%) had unstable fixation. The mean LogMAR value using the ETDRS chart was 0.43 (95% confidence interval (CI): 0.37, 0.49), whereas it was 0.38 (95% CI: 0.31, 0.45) using the Prevue (P-value: 0.009). The LogMAR values using the ETDRS chart as well as the Prevue were highly correlated (r ¼ 0.83) (Figure 1) .
We reported the variable VA difference among different groups of retinal thickness measurements. The ranges were defined based on the available normal data as well as the s.d. of the mean. Figure 2 displays the relationship between the VA difference as a function of retinal thickness, estimated by a lowess smooth function (thick gray line). As it is seen in the figure, VA difference stayed above 0 for the entire range of retinal thickness, which presents a slightly higher LogMAR value (worse VA) measured by the ETDRS chart than with the Prevue. The change in VA difference is negligible for different values of retinal thickness. At a thickness of 200 mm, the VA difference is roughly 0.1, it decreases linearly to about 0 at a thickness of 590 mm, and then increases to about 0.1 at a thickness value of 800 mm. Figure 2 also presents the fitted model for a possible relationship between VA difference variable and retinal thickness (represented by the thick black line) as well as the 95% CI (dashed lines). Table 1 displays the estimated relationships between the VA difference variable and retinal thickness as well as the potential confounders based on the linear mixed-effects model. After removing the effects of retinal thickness and the potential confounders, there was a slight residual variation in VA, B88% of which could be attributed to differences between two eyes of each patient and 12% could be attributed to differences across patients. After accounting for the potential confounding variables, the VA difference decreased by an average 0.00001 LogMAR (95% CI: À 0.00002, À 1.68e-06) per 1 mm increase in the retinal thickness for the values of o590 mm. The VA difference increased by an average of 0.00004 LogMAR (95% CI: À 0.00002, 0.00003) per 1 mm increase in the retinal thickness for values of Z590 mm.
Discussion
The BCVA measured by the ETDRS chart, even with its limitation in representing all different aspects of retinal function, has been the most commonly reported parameter to quantify the functional impact of ME. [1] [2] [3] [4] There is evidence supporting the PAM as a useful instrument to evaluate retinal function in eyes with media opacities. [8] [9] [10] [11] Barrett et al 8 showed that the PAM successfully distinguished patients with retinal/neural disease from those without such disease in eyes with cataract. Datiles et al 9 have recommended the PAM in high myopes with moderate cataracts and poor VA as a very reliable and helpful instrument in determining how much of the vision loss was due to the cataracts. Klein et al 10 used the PAM to assess retinal function before neodymium-YAG laser posterior capsulotomy. They reported a good predictive value with the PAM, reducing the chances of the capsulotomy being a failure by fourfold. Steinert et al 11 evaluated patients who underwent penetrating keratoplasty preoperatively for potential retinal acuity utilizing the PAM. They reported the PAM to be a useful qualitative predictor of retinal function when used in the presence of mild to moderate corneal edema. The PAM also has been shown to be a safe and quick method to predict VA after scleral buckling of macula-off retinal detachments, repair of macular holes, and after photodynamic therapy for subfoveal choroidal neovascularization due to AMD. [12] [13] [14] Recently, microperimetry has added in-depth quantification of the function of the macula and has provided detailed information about the degree and pattern of retinal alteration in the course of edema. 1, 2, 15, 18, 19 The integrated automated fundus perimetry/tomography and SD-OCT module of the Spectral OCT/SLO system has allowed an in-depth and more accurate evaluation of both retinal anatomy and corresponding function, with novel findings about their relationship as well as with associated factors. In our current study, we have measured the retinal thickness and sensitivity using the Spectral OCT/SLO device, which is an automatic, simultaneous fundus perimetry/ tomography system, with a microperimetric circular pattern to cover the central 1 mm of the fixation center. We tested the difference in the measurement of BCVA using the ETDRS chart and VA using the Prevue for different retinal thickness and sensitivity values. We hypothesized that when retinal function stays stable, keeping sensitivity values constant in the statistical model, in eyes with ME the Prevue would be a better predictor of best potential VA and retinal function. To test this hypothesis, we defined a new variable, the so-called VA difference, which was calculated as BCVA measured with the ETDRS chart-VA measured with Prevue without correction. If the hypothesis is correct, for every 1 mm increase in retinal thickness there should be an increase in the VA difference variable while keeping other variables including retinal sensitivity constant. We tested this hypothesis with a linear mixed model for VA difference including random intercepts. The model took into account the variation in measurements across participants: two eyes of each patient, repeated visits/ measurement of each eye, and several measurement points of each eye. As is shown in Figure 2 , the VA difference variable stayed mainly positive for the majority of retinal thickness values. The lowess smooth function (thick gray line), which represents the mean of data stayed above 0 for the entire range of retinal thickness values. This means that the BCVA measured by the ETDRS chart was worse than the VA measured by the Prevue without correction (a positive difference indicates a higher LogMAR value with the ETDRS chart, which represents worse VA). The model also showed very negligible decrease in VA difference with each 1 mm increase in retinal thickness for values below 590 mm and a nonsignificant negligible increase in VA difference for those values above 590 mm. As it is shown in the model in Table 1 , the LogMAR value has a 0.00001-unit decrease for each 1 mm increase in the retinal thickness for values below 590 mm. The P-value shows statistically significant difference. It means that, with 1-unit increase in retinal thickness for values below 590 mm, the difference between VA measured with the two methods becomes smaller and the two methods measure almost the same value. It is the opposite for retinal thickness values above 590 mm, where the difference in VA measured with the two methods increases with increase in retinal thickness values, and the ETDRS chart shows a worse performance compared with the PAM for retinal thickness above 590 mm.
Our findings suggest a slightly better VA measurement with the Prevue without correction compared with the BCVA measurement with the ETDRS chart. The difference did not change much with different retinal thickness values while other variables stayed constant. The impact of edema on VA measured with the ETDRS chart has been reported previously. 16, 17 Sim et al 16 reported a decrease in VA measured with the ETDRS chart in eyes with DME, whereas Taylor et al 17 investigated the association between ME and impaired VA measured with the ETDRS chart in those with UME. To the best of our knowledge, our report is the first to evaluate the relationship between retinal thickness and VA as measured by the PAM/Prevue.
The model also revealed a negligible decrease in VA difference with a 1-dB increase in retinal sensitivity, but the finding was not statistically significant ( Table 1) . As shown in the model in Table 1 , the LogMAR value has a 0.00007-unit decrease for each 1-dB increase in the retinal sensitivity. The P-value does not show statistically significant difference. It means that with 1-unit increase in retinal sensitivity the difference between VA measured with the two methods becomes smaller and the two methods measure almost the same value. Such an observation was confirmed by previous studies of eyes with DME and UME. [18] [19] [20] Our findings were in contrast with some of the other reports. 15, 21 Roesel et al 21 showed a correlation between retinal sensitivity measured with the MP1 (Nidek Technologies, Padova, Italy) and BCVA measured by the ETDRS chart in eyes with UME. Carpineto et al 15 presented a correlation between retinal sensitivity and BCVA measured by the ETDRS chart in DME eyes. Vujosevic et al 1 detected a significant correlation between retinal sensitivity and BCVA measured with the ETDRS chart among diabetic patients with non-clinically significant ME. There was no association between retinal sensitivity and BCVA in eyes with DR and no ME, as well as in diabetic eyes with clinically significant ME. The main difference between the current study and their reports is the statistical modeling that we applied to our data set. The model took into consideration several potential sources of correlation within the data; measurements were correlated within subjects, visits, eyes, and the type of circular test pattern. The Pearson's correlation coefficient as well as the generalized linear model applied in the other reports could be affected by these sources of correlation.
In the current study, fixation was reported to be stable and central in the majority of study eyes. 2 However, our patients had better central fixation compared with those reported by Carpineto et al. 15 Most of the patients in our study had DME as the underlying pathological mechanism, which was the same as in the study by Eye Carpineto et al. However, other pathological mechanisms were included in the current study, which could potentially have a role in different patterns of retinal/ choriocapillaris damage. 21 There are several limitations that may have affected our results. The number of study patients is relatively small, and hence our results may not be generalizable. A larger sample size would allow us to further explore the relationship between retinal sensitivity and VA, and would also allow analyses of whether or not potential confounding factors such as prior laser photocoagulation, the duration of ME, and age have a role in retinal sensitivity. Other unadjusted factors in the model, such as the number of recurrent episodes of ME, the duration of underlying retinopathy, the number of flareups of uveitis in those with UME, fluctuation of blood glucose among DME patients, and previous medical intervention, as well as other ophthalmic conditions such as refractive errors, might also have a role in the relationship between retinal sensitivity and VA. The Prevue was used with dilated pupils without refractive correction in place for the majority of the patients. If refractive correction had been worn, the Prevue visual acuities would likely have been still better. During the course of the study, different examiners performed VA measurement using the Prevue. Although the device is easy to use in a clinic setting, there might be some interexaminer variability in BCVA values measured with the Prevue. In addition, another limitation of our study is its inability to account for the level of difficulty between the ETDRS chart and the chart in PAM. In the ETDRS acuity system, it is the LogMAR chart with the same number of letters in each row. Therefore, the difficulty of each row should be similar. On the other hand, the chart used in PAM is a Snellen chart, which does not have the same number of letters in each row, leading to possible different levels of difficulties in each row. Such differences may affect the accuracy of our results.
Our pilot study has provided novel information on the relationship among VA, retinal thickness, and retinal sensitivity, as well as other parameters related to underlying retinopathies in patients with ME. Although costly and time-consuming techniques would provide detailed information regarding the macular function in eyes with media opacity or ME, the PAM/Prevue is a safe, quick, and readily available method to evaluate retinal VA in these eyes. Additional studies on microperimetry and measurements of VA in patients with ME may eventually yield a reliable and reproducible method of quantifying macular function.
Summary
What was known before K Visual acuity (VA) is usually considered the gold standard for determining damage due to macular edema (ME). The conventional measurement of best-corrected VA (BCVA) with the Early Treatment Diabetic Retinopathy Study (ETDRS) chart might be affected by anterior or posterior segment opacities and morbidities. There is no report on the relationship between VA measured by the ETDRS chart or the PAM/Prevue with retinal architecture and function.
What this study adds
K VA values measured by the PAM were compared with those measured by the ETDRS chart in eyes with ME secondary to various retinal vascular and uveitic diseases. VA measured by the PAM may be a more sensitive predictor of the macular function.
